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Abstract
Background: Postnatal glucocorticoid therapy in premature infants diminishes chronic lung disease, but it also increases the
risk of hypertension in adulthood. Since glucocorticoid excess leads to overproduction of free radicals and endothelial
dysfunction, this study tested the hypothesis that adverse effects on cardiovascular function of postnatal glucocorticoids are
secondary to oxidative stress. Therefore, combined postnatal treatment of glucocorticoids with antioxidants may diminish
unwanted effects.
Methodology/Principal Findings: Male rat pups received a course of dexamethasone (Dex), or Dex with vitamins C and E
(DexCE), on postnatal days 1–6 (P1–6). Controls received vehicle (Ctrl) or vehicle with vitamins (CtrlCE). At P21, femoral
vascular reactivity was determined via wire myography. Dex, but not DexCE or CtrlCE, increased mortality relative to Ctrl
(81.3 versus 96.9 versus 90.6 versus 100% survival, respectively; P,0.05). Constrictor responses to phenylephrine (PE) and
thromboxane were enhanced in Dex relative to Ctrl (84.764.8 versus 67.565.7 and 132.764.9 versus 107.064.9% Kmax,
respectively; P,0.05); effects that were diminished in DexCE (58.367.5 and 121.164.3% Kmax, respectively; P,0.05).
Endothelium-dependent dilatation was depressed in Dex relative to Ctrl (115.3611.9 versus 216.9618.9, AUC; P,0.05);
however, this effect was not restored in DexCE (68.368.3, AUC). Relative to Ctrl, CtrlCE alone diminished PE-induced
constriction (43.463.7% Kmax) and the endothelium-dependent dilatation (74.768.7 AUC; P,0.05).
Conclusions/Significance: Treatment of newborn rats with dexamethasone has detrimental effects on survival and
peripheral vasoconstrictor function. Coadministration of dexamethasone with antioxidant vitamins improves survival and
partially restores vascular dysfunction. Antioxidant vitamins alone affect peripheral vascular function.
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Introduction
Glucocorticoids, such as dexamethasone, have been used to
prevent or reduce the incidence of chronic lung disease [1,2], an
important cause of morbidity and mortality in premature infants
[3,4]. Their effectiveness is based on decreasing inflammatory
responses, and accelerating lung maturation and surfactant
production, thereby improving respiratory function in the infant.
Hence, this clinical therapy has greatly decreased neonatal
mortality and facilitated weaning from mechanical ventilation
[2,5].
Despite the well-established beneficial effects of postnatal
glucocorticoid therapy, there has been serious concern regarding
their clinical use because of unwanted side-effects. For instance,
accumulating evidence shows that postnatal treatment with
dexamethasone reduces somatic growth and weight gain in human
infants [6,7] and newborn rats [8,9]. Postnatal dexamethasone
treatment also induces hypertension and cardiomyopathy in
premature babies [1,2,10] and in rat neonates [9,11,12,13]. The
mechanism underlying dexamethasone-induced hypertension may
include glucocorticoid-induced increases in the sensitivity of the
sympathetic nervous system [14], augmentation of vascular
responses to other constrictor neurotransmitters and hormones
[15,16], and a diminished endothelium-dependent vasodilatation
mediated through nitric oxide (NO), prostacyclin (PGI2) or the
endothelium-derived hyperpolarizing factor (EDHF) [17,18].
A separate line of evidence suggests that excess glucocorticoids
promote oxidative stress, both by enhancing the production of
reactive oxygen species (ROS) and/or by reducing the levels of
endogenous antioxidants [19,20]. As oxidative stress plays a major
role in cardiovascular pathology, there is strong evidence that
excessive ROS generation may underlie cardiovascular dysfunc-
tion related to glucocorticoids [19,20].
In this study, we have tested the hypothesis that the unwanted
side-effects of postnatal glucocorticoids on the developing
cardiovascular system are also in part due to glucocorticoid-
induced oxidative stress. If true, combined treatment of premature
infants with glucocorticoid and antioxidants may ameliorate the
PLoS ONE | www.plosone.org 1 February 2010 | Volume 5 | Issue 2 | e9250unwanted side-effects while maintaining the beneficial effects of
glucocorticoid therapy in the postnatal period. The hypothesis was
tested by investigating in rats the effects on peripheral vascular
reactivity at weaning of postnatal dexamethasone therapy with or
without vitamins C and E.
Results
Body Weight and Survival
Pups were all born spontaneously on day 22 of gestation with no
difference in birth weight (Table 1). Relative to controls, treatment
with dexamethasone markedly reduced survival. In marked
contrast, co-administration of vitamins C and E with dexameth-
asone significantly improved pup survival (Table 1). The increased
mortality in dexamethasone treated pups was related with a higher
prevalence of observed peritonitis (defined as distended and red
abdomen with diffuse abdominal rigidity) and diarrhoea (yellow
secretions in perianal area), although these comparisons fell
outside statistical significance (Table 1).
At weaning, pups treated with dexamethasone with or without
vitamins C and E were significantly lighter than control pups. By
contrast, pups treated with vitamin C and E alone were
significantly heavier than control pups (Table 1). Similarly, pups
treated with dexamethasone with or without vitamins C and E
opened their eyelids for the first time significantly earlier than
control pups. By contrast, pups treated with vitamin C and E alone
opened their eyelids for the first time significantly later than
control pups (Table 1).
Femoral Vasoconstrictor Function
In pups treated with dexamethasone the maximal contraction
(Emax) to K
+ was significantly reduced relative to controls. In
contrast, in pups treated with combined dexamethasone and
vitamins C and E, the maximal constrictor response to K
+ was
restored towards control levels. Treatment of pups with vitamins C
and E alone did not have an effect on the contractile response to
K
+. There were no differences in the vascular sensitivity to K
+
across all four groups (Figure 1A).
Relative to controls, treatment of pups with dexamethasone
increased the maximal contractile response (%Kmax) and the
vascular sensitivity (pD2) to phenylephrine. Treatment of pups
with combined dexamethasone and vitamins C and E restored
towards control levels both the maximal constrictor response and
the sensitivity to phenylephrine. Treatment of pups with vitamins
C and E significantly reduced the maximal response but it did not
affect the sensitivity to phenylephrine (Figure 1B).
Relative to controls, treatment of pups with dexamethasone
increased the maximal contractile response (%Kmax) but not the
vascular sensitivity (pD2) to the thromboxane mimetic agent.
Treatment of pups with combined dexamethasone and vitamins C
and E restored towards control levels the maximal constrictor
response to the thromboxane mimetic agent. In addition, pups
treated with combined dexamethasone and vitamins C and E had
a significantly lower vascular sensitivity to the thromboxane
mimetic agent than pups treated with dexamethasone. There was
no effect on vascular reactivity to the thromboxane mimetic agent
in pups treated with vitamins C and E alone (Figure 1C).
Femoral Vasodilator Function
Endothelium-independent relaxation was assessed by generat-
ing cumulative concentration-response curves to the NO-donor
sodium nitroprusside (SNP) following stable pre-contraction with
10
25 mol/L PE. Across all four groups, vessels showed complete
relaxation to SNP, with no differences in Rmax. However, pups
treated with combined dexamethasone and vitamins C and E had
a lower sensitivity to SNP than pups treated with dexamethasone
alone. Pups treated with vitamins C and E alone had a lower
sensitivity to SNP than control pups (Figure 2A).
Endothelium-dependent relaxation was assessed by generating
cumulative concentration response curves to methacholine
(MetCh) after stable pre-contraction with 10
25 mol/L PE.
Relative to controls, treatment of pups with dexamethasone or
with vitamins, either in combination or alone, all significantly
reduced the vascular sensitivity to MetCh. However, only pups
treated with combined dexamethasone and vitamins C and E had
a lower maximal relaxant response to MetCh relative to all groups
(Figure 2B).
Further analysis revealed that treatment of pups with dexa-
methasone or with vitamins, either in combination or alone, all
significantly reduced the partial contributions of both NO-
dependent and NO-independent mechanisms mediating the
vascular relaxation (Figure 3). To dissect any effects of treatment
on NO-independent mechanisms contributing to the vasomotor
response induced by MetCh, the contribution of EDHF was
determined. These data show that relative to controls the
contribution of EDHF to the relaxant response induced by MetCh
was maintained in pups treated with dexamethasone but it was
significantly reduced in pups treated with vitamins C and E with or
without dexamethasone (Figure 4).
Discussion
Previous investigation of the effects of glucocorticoids on
vascular function in the perinatal period have been restricted to
the effects in the fetus [21,22,23], the newborn [24,25] or in the
adult offspring [26,27] of antenatal treatment. This is the first
study to determine the effects on vascular function of postnatal
glucocorticoid therapy. The data show that: 1) clinically-relevant
postnatal glucocorticoid therapy increases neonatal mortality, and
augments vasoconstrictor while diminishing vasodilator reactivity
in peripheral vessels isolated from weanling rats; 2) combined
postnatal treatment of glucocorticoids with antioxidants improves
Table 1. Body weight and survival.
Ctrl Dex DexCE CtrlCE
Birth weight (g) 6.460.1 6.760.2 6.460.1 6.960.1
Survival (%) 100 81.3* 96.9 90.6
Peritonitis
(ratio and %)
0/32 (0%) 11/32 (34.4%) 7/32 (21.9%) 1/32 (3.1%)
Diarrhea
(ratio and %)
0/32 (0%) 13/32 (40.6%) 8/32 (25.0%) 0/32 (0%)
P21 Body weight (g) 55.4260.67 49.7160.74* 45.7061.5* 60.5060.67*
Eyes opening (d) 14.160.1 12.660.2* 12.260.3* 14.860.1*
Values are mean 6 S.E.M for body weight at birth and postnatal day 21 (P21),
the percentage of pups surviving, the prevalence of peritonitis or diarrhoea in
pups following treatment, and the postnatal age at which the eyelids first
opened. Groups are control (Ctrl), pups treated with dexamethasone (Dex),
pups treated with dexamethasone combined with vitamins C and E (DexCE)
and pups treated with vitamins C and E alone (CtrlCE). For data on birth weight,
survival, peritonitis and diarrhea n=32 for all groups; for data on P21 body
weight: Ctrl, n=32; Dex, n=26; DexCE, n=31; CtrlCE, n=29; and for data on
eyelids opening: Ctrl, n=32; Dex, n=26; DexCE, n=31; CtrlCE, n=30. Significant
differences (P,0.05) are: *, vs Ctrl (Fisher’s Exact Test for survival, One-Way
ANOVA + Student Newman-Keuls test elsewhere).
doi:10.1371/journal.pone.0009250.t001
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PLoS ONE | www.plosone.org 2 February 2010 | Volume 5 | Issue 2 | e9250Figure 1. Vasoconstrictor function in pups at P21. Values are the mean 6 S.E.M for the concentration-response curves, the maximal response
(Emax or %Kmax) and the sensitivity (EC50 or pD2) to potassium (K
+, A), phenylephrine (PE, B) and a thromboxane mimetic agent (U46619, C). Groups
are control (Ctrl, open circle/histogram, n=8), pups treated with dexamethasone (Dex, closed square/histogram, n=8), pups treated with
dexamethasone combined with vitamins C and E (DexCE, grey square/histogram, n=8) and pups treated with vitamins C and E alone (CtrlCE, grey
circle and hatched histogram, n=8). Emax is the maximal effective tension induced by potassium-depolarization and % Kmax is expressed as the
percentage of the maximal vasoconstriction induced by 76.88mM potassium. EC50 is the half maximal effective concentration and pD2 is –log(EC50).
Significant differences (P,0.05) are: * vs Ctrl, { vs Dex (One-Way ANOVA + Student Newman-Keuls Test).
doi:10.1371/journal.pone.0009250.g001
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reactivity; and 3) postnatal treatment with vitamins alone does not
induce neonatal mortality or affect peripheral constrictor reactivity,
but it diminishes peripheral vasodilator reactivity in weanling rats.
In addition to exogenous vasoactive influences such as
neurotransmitters and hormones, and local factors such as those
produced within the endothelium, it has become increasingly
evident that the cellular oxidant milieu is also an important
modulator of vascular resistance [28]. Vascular endothelial cells
generate reactive oxygen species (ROS), such as the superoxide
anion (
NO2
2) [29]. Superoxide readily combines with NO, limiting
its bioavailability [30]. Hence, under physiological conditions,
manipulation of the vascular NO:
NO2
2 ratio is also an important
determinant of tone. Data in the present study show that postnatal
dexamethasone treatment diminished the contractile response to
potassium, it increased the contractile responsiveness to a-
adrenergic and local vasoconstrictors, and it depressed endothe-
lium-dependent vasorelaxation. Postnatal treatment with com-
bined dexamethasone and antioxidant vitamins restored contrac-
tile function, and postnatal treatment with vitamins alone
diminished phenylephrine-induced contraction. The latter finding
supports the concept that increased NO bioavailability acts to
oppose tonic vasoconstrictor influences.
The depressive effects of dexamethasone on eNOS expression
in a number of tissues are well described [31,32]. In addition,
dexamethasone may enhance ROS generation directly [19] or
secondary to eNOS uncoupling by limiting the availability of
cofactors such as tetrahydrobiopterin, BH4 [33]. Therefore, the
increased vasoconstrictor responses in dexamethasone-treated
pups in the present study may be due to glucocorticoid-induced
blunting of tonic NO-dependent vasodilatation [15,20]. Alterna-
tively, the sensitizing effects of dexamethasone on vascular
contractile function may be direct due to up-regulation of a-
adrenoceptors in vascular smooth muscle cells (VSMCs), and/or
increased intracellular uptake of calcium ions. For instance,
perinatal dexamethasone is known to alter the pattern and
expression of adrenoceptors in the rat [34] and sheep [35] and
treatment of cultured VSMCs with dexamethasone for 48h
increased expression of a1B adrenoceptor mRNA [36]. Hayashi
et al. [37] observed increased Ca
2+ uptake and [3H]-dihydropyr-
idine binding in VSMCs after a 48h dexamethasone incubation,
suggesting that glucocorticoids may enhance VSMC contraction
by inducing synthesis of new Ca
2+ channels. The reversal of the
sensitizing effects of dexamethasone on phenylephrine- and
thromboxane-induced contractile function in pups treated with
combined dexamethasone and antioxidants may be due to the
Figure 2. Vasodilator function in pups at P21. Values are the mean 6 S.E.M for the concentration-response curves, the maximal relaxation
(%Rmax) and the sensitivity (pD2) to sodium nitroprusside (SNP, A), and to methacholine (MetCh, B). Group numbers and group symbols are the same
as in Figure 1. Significant differences (P,0.05) are: * vs Ctrl, { vs Dex, { vs all (One-Way ANOVA + Student Newman-Keuls Test).
doi:10.1371/journal.pone.0009250.g002
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replacing that which was diminished by dexamethasone. Alterna-
tively, the reversal may be due to the effects of antioxidants
increasing NO bioavailaibility, which act to oppose glucocorticoid-
enhanced constrictor mechanisms.
The reduction in maximal tension induced by potassium in
femoral vessels isolated from weanling rats treated with dexa-
methasone may indicate either a reduction in smooth muscle mass,
or an impaired smooth muscle contraction, or both. Since
glucocorticoids are known to inhibit the growth of vascular
smooth muscle cells in culture [38] and to prevent neointimal
vascular hyperplasia after injury in rats [39], it is plausible that a
decrease in the smooth muscle:extracellular matrix ratio may have
produced the decreased responsiveness to potassium. Co-admin-
istration of dexamethasone with vitamins in the present study
promoted recovery of the femoral contractile response to
potassium. Given the lack of an effect of vitamins alone on
potassium-induced contraction, it is unlikely that vitamins improve
this response in dexamethasone-treated rats downstream of the
increase in [Ca
2+]i, such as by increasing myosin light chain kinase
activity and/or the rate of cross-bridge cycling. Rather, the
beneficial effects of antioxidant vitamins on potassium-induced
contraction may again be due to correction of the oxidative
imbalance within the vasculature of dexamethasone treated pups.
In the present study, pups treated with dexamethasone showed
depressed vasodilator responses to metacholine, but not to SNP,
indicating impairment of endogenous endothelium-derived vaso-
dilators such as NO, EDHF and PGI2. The partial contributions of
endogenous NO and EDHF to metacholine-induced vascular
relaxation were further investigated following incubation of vessels
with the NO synthase inhibitor L-NAME alone or after both
L-NAME and the cyclooxygenase inhibitor indomethacin. These
studies revealed that the dilator defect induced by dexamethasone
was due to glucocorticoid-induced depression of both NO-
dependent and NO-independent mechanisms. However, within
NO-independent mechanisms, dexamethasone did not affect the
contribution of EDHF, suggesting glucocorticoid-induced depres-
sion of prostanoid-dependent vasodilatation. Accordingly, it has
been previously shown that both glucocorticoids and oxidative
stress inhibit prostacyclin production [17,30].
Postnatal treatment of pups with antioxidant vitamins alone or
in combination with dexamethasone decreased NO-dependent
vasodilator mechanisms, it almost abolished the contribution of
EDHF to vasorelaxation, and it decreased femoral dilator
reactivity to SNP. These effects may be due to negative feedback
as a result of antioxidant vitamin-induced increases in NO
bioavailability, which in turn may down-regulate the VSMC
dilator pathway. For instance, chronic increases in NO have been
reported to down-regulate sGC expression [40,41] and to increase
PDE function [42], thereby reducing SMC dilator capacity.
Furthermore, inhibition of the NO-cGMP-PKG pathway will
diminish VSMC relaxation due to lack of activation of calcium
activated potassium channels [43,44].
A final component of the data in the present study show that
postnatal dexamethasone treatment increased neonatal mortality and
accelerated maturational processes indexed by early eyelid opening,
confirming previous obvervations in rat studies [9,45,46]. Interest-
ingly, postnatal treatment with dexamethasone in combination
with antioxidant vitamins did not prevent the maturational effects
of glucocorticoids, but it markedly improved neonatal survival.
Taken together, the data suggest that combined glucocorticoid and
Figure 3. Partial contribution of NO-dependent and NO-
independent mechanisms to the endothelial-dependent relax-
ation. Values are the mean 6 S.E.M for the area under the curve (AUC)
for MetCh-induced relaxation (complete bar with positive S.E.M.), the
AUC for MetCh-induced relaxation following treatment with LNAME
(NO-independent component, white bar with negative S.E.M.), and the
remaining AUC after MetCh with LNAME (NO-dependent component,
black bar with negative S.E.M). Group numbers are the same as in
Figure 1. Significant differences P,0.05: * vs Ctrl for complete bar; { vs
Ctrl for white bar, { vs Ctrl for black bar (One-Way ANOVA + Student
Newman-Keuls Test).
doi:10.1371/journal.pone.0009250.g003
Figure 4. Partial contribution of EDHF to the NO-independent
relaxation. Values are the mean 6 S.E.M for the area under the curve
(AUC) representing the relaxation mediated by the endothelium-
derived hyperpolarizing factor (EDHF). The relaxant contribution
mediated by EDHF is calculated by the AUC of MetCh-induced
relaxation in the presence of LNAME and indomethacin. Groups are
control (Ctrl, open histogram, n=6), pups treated with dexamethasone
(Dex, closed histogram, n=6), pups treated with dexamethasone
combined with vitamins C and E (DexCE, grey histogram, n=6) and
pups treated with vitamins C and E alone (CtrlCE, hatched histogram,
n=6). Significant differences (P,0.05) are: * vs Ctrl or Dex (One-Way
ANOVA + Student Newman-Keuls Test).
doi:10.1371/journal.pone.0009250.g004
Steroids and Antioxidants
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quences of postnatal glucocorticoid therapy on mortality and on
vascular function while maintaining maturational effects.
In conclusion, treatment of newborn rats with dexamethasone
has detrimental effects on survival and peripheral vasoconstrictor
function. Co-administration of dexamethasone with antioxidant
vitamins improves survival and partially restores vascular dysfunc-
tion. Administration of vitamins alone to healthy pups decreases
vasodilator capacity. The data support the hypothesis tested that
unwanted side-effects of postnatal glucocorticoids on the develop-
ing cardiovascular system are in part due to glucocorticoid-
induced oxidative stress, and that combined treatment of
premature infants with glucocorticoid and antioxidants may
ameliorate the unwanted side-effects while maintaining the
beneficial effects of glucocorticoid therapy in the postnatal period.
Materials and Methods
Animals
All procedures were performed under the UK Animals
(Scientific procedures) Act 1986 and were approved by the Ethical
Review Committee of the University of Cambridge. Pregnant
Wistar rats (n=32; Charles River, UK) with timed gestations
were individually housed under standard conditions (21uC room
temperature/55% room humidity, light:dark, 12:12 hour) with ad
libitum access to food (Special Diet Services, UK) and water. At
birth (postnatal day 0, P0), each litter was sexed and the pups were
weighed and culled to eight (four males/four females) to
standardize feeding and maternal care within any one litter. All
pups remained with their mothers until weaning at postnatal day
21 (P21).
Postnatal Treatment Regimen
To exclude differences due to sex, only male rat pups were
studied. The 4 male pups from each litter were randomly assigned
to one of four treatments: Ctrl: n=32; Dex: n=32; DexCE:
n=32; CtrlCE: n=32. Pups received two intraperitoneal (i.p.)
injections per day (10 mL.g
21 each) of some or all of the following
solutions (Sigma-Aldrich, UK): dexamethasone (Dexamethasone-
21-phosphate, disodium salt), vitamin C (L-ascorbic acid), and
vitamin E (dl-a-tocopherol acetate). Two injections were used due
to the different solubility of vitamin E (dissolved in groundnut oil)
and vitamin C and dexamethasone (in 0.9% NaCl). Ctrl pups
received injections of the vehicles saline and groundnut oil for the
duration of the treatment period (P1–6). Dex pups received a
three-day, tapering course (0.5, 0.3, and 0.1 mg.g
21.day
21) plus
separate injections of oil on P1–P3 and then only saline and oil
from P4–P6. DexCE pups received the same treatment as Dex,
plus vitamins C (200 mg.kg
21.day
21) and E (100 mg.kg
21.day
21)
from P1–6. The CtrlCE pups received vitamins from P1–6. In our
study, the dose and duration of the treatment was based on and is
proportional to a 21-day tapering course of dexamethasone in
humans. For extrapolation of postnatal treatment with dexameth-
asone in human neonates to postnatal treatment with dexameth-
asone in rat pups, the exposure to glucocorticoids has been
estimated as a percentage of the total lactation period in the
different species [11]. In humans, lactation averages 6 months. A
21-d tapering course of dexamethasone represents ca. 12% of the
lactation period in humans. In rats, lactation is 21 days. 12% of the
lactation period in rats is ca. 3 days. Doses of vitamins C and E
used were adopted from studies indicating successful antioxidant
effects in adult rats [47]. Ascorbic acid and a-tocopherol were
combined as they act synergistically to provide optimal conditions
for NO production [48].
Wire Myography
At P21, to exclude differences due to within-litter variation,
femoral arteries were isolated and collected from one male
randomly chosen pup from each litter (Ctrl: n=8; Dex: n=8;
DexCE: n=8; CtrlCE: n=8). These pups were humanely killed
by CO2 inhalation and posterior cervical dislocation and their
body weight (BW) was determined. Rats were kept on ice until
vessel dissection. Under a bifocal dissecting microscope (Brunel
Microscopes Ltd.), the first branch from the femoral artery of the
left hind limb was excised via a medial incision. The vessel was
placed in a Petri dish in phosphate-buffered saline kept on ice and
carefully cleaned of adventitial, adipose and connective tissue. An
arterial segment of approximately 2 mm length was cut and
carefully threaded with a stainless steel wire (40 mm diameter). The
threaded vessel segment was then placed between the mounting
support jaws of a four-chamber small-vessel wire myograph (Multi
Wire Myograph System 610M, DMT, Denmark). The wire was
secured with screws to the jaw attached to the force transducer. A
second wire was then passed through the arterial segment and its
extremes fixed to the jaw attached to a micropositioner. The vessel
segment was bathed in Krebs solution (mmol.l
21: NaCl 118.5,
Fisher, KCl 4.75, Sigma, MgSO4N7H20 1.2, Sigma, KH2PO4 1.2,
Sigma, NaHCO3 25.0, Sigma, CaCl2 2.5, Sigma, glucose 11.1,
Sigma, UK) and gassed continuously with 5% CO2 and 95% O2
at 37uC in the myograph chamber.
Following a 15 minute equilibration period, the vessel was
stretched in a stepwise manner to a standardized tension equivalent
to a physiological transmural pressure [49]. This was done to
simulate conditions in vivo for two main reasons; first, because the
stimulated vascular response is dependent on the degree of
stretch; and secondly, because this degree of stretch gives the
maximal vascular response [50]. To test maximal contractile
capacity, a potassium (K
+) concentration-response curve was
generated following a 20 minute equilibration period by
subjecting vessels to increasing doses of a K
+ solution (4.76mM
to 100.94mM), washing with Krebs solution twice between doses.
Cumulative concentration-response curves to the a1-adrenergic
agonist phenylephrine (PE; 10
210–10
25 mol/L) and the throm-
boxane mimetic U46619 (10
213–10
27 mol/L) were determined
in half-log increments. The relaxant effects of sodium nitroprus-
side (SNP; 10
210–10
24 mol/L) and methacholine (MetCh;
10
210–10
24 mol/L) were determined after pre-contraction with
phenylephrine (10
25 mol/L). To determine the partial contribu-
tions of endogenous nitric oxide (NO) and EDHF to MetCh-
induced vascular relaxation, additional concentration-response
curves to MetCh were also determined after incubation with
either L-NAME (10
25 mol/L) alone or after both L-NAME and
indomethacin (10
26 mol/L). Between experiments, vessels were
washed repeatedly with Krebs solution and allowed to equilibrate
in Krebs solution for at least 20 minutes.
Data and Statistical Analyses
The vascular response to potassium was analyzed using the
Boltzmann sigmoidal analysis, and the maximal effective tension
(Emax) and the half maximal effective concentration (EC50) were
determined. All other concentration-response curves were ana-
lyzed using an agonist-response best-fit line, where the maximal
vasomotor response was expressed as percentage of the contrac-
tion induced by 76.88 mM K
+ (%Kmax for constriction, %Rmax
for relaxation) and the vascular sensitivity was expressed as
pD2(2logEC50).
Differences in the vascular responses were compared by
calculating the area under the curve using the following equation:
Steroids and Antioxidants
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Where x is the response variable, n is the number of dose intervals
during the protocol and xk is the response in the k
th interval.
The contribution of NO to the vascular relaxation induced by
MetCh was calculated by subtracting the area under the curve
(AUC) for MetCh – the AUC for MetCh + LNAME. The
contribution of NO-independent mechanisms to the vascular
relaxation induced by MetCh was calculated by the AUC for
MetCh + LNAME. The EDHF dependent relaxation was
calculated by the AUC after MetCh + LNAME & indomethacin.
Data are presented as mean 6 S.E.M unless otherwise stated.
Ratios and percentages were arcsine transformed prior to statistical
analysis. Survival data were compared statistically using Fisher’s
Exact Test. Other data were compared statistically by One-Way
ANOVA followed by the Student Newman-Keuls post hoc test.
Significance was accepted when P,0.05 (SigmaStat 2.0; SPSS Inc.,
Chicago, USA).
Acknowledgments
We are thankful to the combined animal facility from PDN, University of
Cambridge for their help with the animal maintenance.
Author Contributions
Conceived and designed the experiments: EAH MMV JBD DAG.
Performed the experiments: EAH MMV DAG. Analyzed the data: EAH
MMV JBD DAG. Contributed reagents/materials/analysis tools: EAH
JBD DAG. Wrote the paper: EAH MMV JBD DAG.
References
1. Halliday HL, Ehrenkranz RA, Doyle LW (2009a) Early (,8 days) postnatal
corticosteroids for preventing chronic lung disease in preterm infants. Cochrane
Database Syst Rev (1): CD001146.
2. Halliday HL, Ehrenkranz RA, Doyle LW (2009b) Late (.7 days) postnatal
corticosteroids for chronic lung disease in preterm infants. Cochrane Database
Syst Rev (1): CD001145.
3. Northway WH Jr, Rosan RC, Porter DY (1967) Pulmonary disease following
respirator therapy of hyaline-membrane disease. Bronchopulmonary dysplasia.
N Engl J Med 276: 357–368.
4. Baraldi E, Filippone M (2007) Chronic lung disease after premature birth.
N Engl J Med 357: 1946–1955.
5. Ballard PL, Ballard RA (1995) Scientific basis and therapeutic regimens for use
of antenatal glucocorticoids. Am J Obstet Gynecol 173: 254–262.
6. Stark AR, Carlo WA, Tyson JE, Papile LA, Wright LL, et al. (2001) Adverse
effects of early dexamethasone in extremely-low-birth-weight infants. National
Institute of Child Health and Human Development Neonatal Research
Network. N Engl J Med 344: 95–101.
7. Yeh TF, Lin YJ, Lin HC, Huang CC, Hsieh WS, et al. (2004) Outcomes at
school age after postnatal dexamethasone therapy for lung disease of
prematurity. N Engl J Med 350: 1304–1313.
8. He J, Varma A, Weissfeld LA, Devaskar SU (2004) Postnatal glucocorticoid
exposure alters the adult phenotype. Am J Physiol Regul Integr Comp Physiol
287: R198–208.
9. Adler AR, Camm EJ, Hansell JA, Richter HG, Giussani DA (2009) Antioxidants
diminish adverse effects of postnatal glucocorticoid treatment in the newborn
rat. Neonatology;In press.
10. Bensky AS, Kothadia JM, Covitz W (1996) Cardiac effects of dexamethasone in
very low birth weight infants. Pediatrics 97: 818–821.
11. de Vries WB, van der Leij FR, Bakker JM, Kamphuis PJ, van Oosterhout MF,
et al. (2002) Alterations in adult rat heart after neonatal dexamethasone therapy.
Ped Res 52: 900–906.
12. de Vries WB, Bal MP, Homoet-van der Kraak P, Kamphuis PJ, van der Leij FR,
et al. (2006) Suppression of physiological cardiomyocyte proliferation in the rat
pup after neonatal glucocorticosteroid treatment. Basic Res Cardiol 101: 36–42.
13. Bal MP, de Vries WB, van der Leij FR, van Oosterhout MF, Berger RM, et al.
(2005) Neonatal glucocorticosteroid treatment causes systolic dysfunction and
compensatory dilation in early life: studies in 4-week-old prepubertal rats.
Pediatr Res 58: 46–52.
14. Whitworth JA, Brown MA, Kelly JJ, Williamson PM (1995) Mechanisms of
cortisol-induced hypertension in humans. Steroids 60: 76–80.
15. Handa M, Kondo K, Suzuki H, Saruta T (1984) Dexamethasone hypertension
in rats: role of prostaglandins and pressor sensitivity to norepinephrine.
Hypertension 6: 236–241.
16. Pirpiris M, Sudhir K, Yeung S, Jennings G, Whitworth JA (1992) Pressor
responsiveness in corticosteroid-induced hypertension in humans. Hypertension
19: 567–574.
17. Yang S, Zhang L (2004) Glucocorticoids and vascular reactivity. Curr Vasc
Pharmacol 2: 1–12.
18. Suzuki T, Nakamura Y, Moriya T, Sasano H (2003) Effects of steroid hormones
on vascular functions. Microsc Res Tech 60: 76–84.
1 9 .I u c h iT ,A k a i k eM ,M i t s u iT ,O h s h i m aY ,S h i n t a n iY ,e ta l .( 2 0 0 3 )
Glucocorticoid excess induces superoxide production in vascular endothelial
cells and elicits vascular endothelial dysfunction. Circ Res 92: 81–87.
20. Whitworth JA, Schyvens CG, Zhang Y, Andrews MC, Mangos GJ, et al. (2002)
The nitric oxide system in glucocorticoid-induced hypertension. J Hypertens 20:
1035–1043.
21. Tangalakis K, Lumbers ER, Moritz KM, Towstoless MK, Wintour EM (1992)
Effect of cortisol on blood pressure and vascular reactivity in the ovine fetus. Exp
Physiol 77: 709–717.
22. Bennet L, Kozuma S, McGarrigle HH, Hanson MA (1999) Temporal changes
in fetal cardiovascular, behavioural, metabolic and endocrine responses to
maternally administered dexamethasone in the late gestation fetal sheep.
Br J Obstet Gynaecol 106: 331–339.
23. Jellyman JK, Gardner DS, Edwards CM, Fowden AL, Giussani DA (2005) Fetal
cardiovascular, metabolic and endocrine responses to acute hypoxaemia during
and following maternal treatment with dexamethasone in sheep. J Physiol 567:
673–688.
24. Segar JL, Roghair RD, Segar EM, Bailey MC, Scholz TD, et al. (2006) Early
gestation dexamethasone alters baroreflex and vascular responses in newborn
lambs before hypertension. Am J Physiol Regul Integr Comp Physiol 291:
R481–488.
25. Roghair RD, Lamb FS, Miller FJ Jr, Scholz TD, Segar JL (2005) Early gestation
dexamethasone programs enhanced postnatal ovine coronary artery vascular
reactivity. Am J Physiol Regul Integr Comp Physiol 288: R46–53.
26. Benediktsson R, Lindsay RS, Noble J, Seckl JR, Edwards CR (1993)
Glucocorticoid exposure in utero: new model for adult hypertension. Lancet
341: 339–341.
27. Molnar J, Howe DC, Nijland MJ, Nathanielsz PW (2003) Prenatal dexameth-
asone leads to both endothelial dysfunction and vasodilatory compensation in
sheep. J Physiol 547: 61–66.
28. Chen K, Keaney J (2004) Reactive oxygen species-mediated signal transduction
in the endothelium. Endothelium 11: 109–121.
29. Dro ¨ge W (2002) Free radicals in the physiological control of cell function. Physiol
Rev 82: 47–95.
30. Katusic ZS (1996) Superoxide anion and endothelial regulation of arterial tone.
Free Radic Biol Med 20: 443–448.
31. Wallerath T, Witte K, Scha ¨fer SC, Schwarz PM, Prellwitz W, et al. (1999)
Down-regulation of the expression of endothelial NO synthase is likely to
contribute to glucocorticoid-mediated hypertension. Proc Natl Acad Sci U S A
96: 13357–13362.
32. Scha ¨fer SC, Wallerath T, Closs EI, Schmidt C, Schwarz PM (2005)
Dexamethasone suppresses eNOS and CAT-1 and induces oxidative stress in
mouse resistance arterioles. Am J Physiol Heart Circ Physiol 288: H436–444.
33. Simmons WW, Ungureanu-Longrois D, Smith GK, Smith TW, Kelly RA
(1996) Glucocorticoids regulate inducible nitric oxide synthase by inhibiting
tetrahydrobiopterin synthesis and L-arginine transport. J Biol Chem 271:
23928–23937.
34. Bian X, Seidler FJ, Slotkin TA (1993) Fetal dexamethasone exposure interferes
with establishment of cardiac noradrenergic innervation and sympathetic
activity. Teratology 47: 109–117.
35. Tseng YT, Tucker MA, Kashiwai KT, Waschek JA, Padbury JF (1995)
Regulation of beta 1-adrenoceptors by glucocorticoids and thyroid hormones in
fetal sheep. Eur J Pharmacol 289: 353–359.
36. Sakaue M, Hoffman BB (1991) Glucocorticoids induce transcription and
expression of the alpha 1B adrenergic receptor gene in DTT1 MF-2 smooth
muscle cells. J Clin Invest 88: 385–389.
37. Hayashi T, Nakai T, Miyabo S (1991) Glucocorticoids increase Ca2+ uptake
and [3H]dihydropyridine binding in A7r5 vascular smooth muscle cells.
Am J Physiol 261: C106–114.
38. Berk BC, Vallega G, Griendling KK, Gordon JB, Cragoe EJ Jr, et al. (1988)
Effects of glucocorticoids on Na+/H+ exchange and growth in cultured vascular
smooth muscle cells. J Cell Physiol 137: 391–401.
39. Villa AE, Guzman LA, Chen W, Golomb G, Levy RJ (1994) Local delivery of
dexamethasone for prevention of neointimal proliferation in a rat model of
balloon angioplasty. J Clin Invest 93: 1243–1249.
40. Yamashita T, Kawashima S, Ohashi Y, Ozaki M, Rikitake Y (2000)
Mechanisms of reduced nitric oxide/cGMP-mediated vasorelaxation in
transgenic mice overexpressing endothelial nitric oxide synthase. Hypertension
36: 97–102.
Steroids and Antioxidants
PLoS ONE | www.plosone.org 7 February 2010 | Volume 5 | Issue 2 | e925041. Gunnett CA, Lund DD, Chu Y, Brooks RM II, Faraci FM (2001) NO-
dependent vasorelaxation is impaired after gene transfer of inducible NO-
synthase. Arterioscler Thromb Vasc Biol 21: 1281–1287.
42. Rybalkin SD, Yan C, Bornfeldt KE, Beavo JA (2003) Cyclic GMP
phosphodiesterases and regulation of smooth muscle function. Circ Res 93:
280–291.
43. Carvajal JA, Germain AM, Huidobro-Toro JP, Weiner CP (2000) Molecular
mechanism of cGMP-mediated smooth muscle relaxation. J Cell Physiol 184:
409–420.
44. Zhou XB, Arntz C, Kamm S, Motejlek K, Sausbier U (2001) A molecular switch
for specific stimulation of the BKCa channel by cGMP and cAMP kinase. J Biol
Chem 276: 43239–43245.
45. Thibeault DW, Heimes B, Rezaiekhaligh M, Mabry S (1993) Chronic
modifications of lung and heart development in glucocorticoid-treated newborn
rats exposed to hyperoxia or room air. Pediatr Pulmonol 16: 81–88.
46. Wise GE, Grier RL IV, Lumpkin SJ, Zhang Q (2001) Effects of dexamethasone
on tooth eruption in rats: differences in incisor and molar eruption. Clin Anat
14: 204–209.
47. Oncu M, Gultekin F, Karao ¨z E, Altuntas I, Delibas N (2002) Nephrotoxicity in
rats induced by chlorpryfos-ethyl and ameliorating effects of antioxidants. Hum
Exp Toxicol 21: 223–230.
48. Carr AC, Zhu BZ, Frei B (2000) Potential antiatherogenic mechanisms of
ascorbate (vitamin C) and alpha-tocopherol (vitamin E). Circ Res 87: 349–354.
49. Porter JP (2000) Contribution of central ANG II to acute stress-induced changes
in baroreflex function in young rats. Am J Physiol 279: R1386–R1391.
50. Mulvany MJ, Halpern W (1977) Contractile properties of small arterial
resistance vessels in spontaneously hypertensive and normotensive rats. Circ
Res 41: 19–26.
Steroids and Antioxidants
PLoS ONE | www.plosone.org 8 February 2010 | Volume 5 | Issue 2 | e9250